Reversible protein phosphorylation is critically important in biology and medicine. Hundreds of thousands of sites of protein phosphorylation have been discovered but our understanding of the functions of the vast majority of these post-translational modifications is lacking. This review describes several chemical and biochemical methods that are under development and in current use to install phospho-amino acids and their mimics site-specifically into proteins. The relative merits of total chemical synthesis, semisynthesis, and nonsense suppression strategies for studying protein phosphorylation are discussed in terms of technical simplicity, scope, and versatility.
and memory [10] , metabolism [11] , cardiac function [12] , and reproductive biology [13] . Dysregulation of protein kinases is a hallmark of cancer and EGFR, Her2/Neu, IGFR1, BRaf, Abl, Btk, Alk, Ret, and c-Kit are examples of protein kinases that are mutated or show increased expression, bolstering their enzymatic activities. [14] [15] [16] [17] [18] Such hyperactive eukaryotic protein kinases can drive the growth of various cancers including lung cancer, breast cancer, melanoma, leukemia, renal cell carcinoma, and gastrointestinal tumors and are established therapeutic targets. There are now more than one dozen clinically approved protein kinase inhibitors on the market for cancer and other diseases and some of these have made a dramatic impact on extending life. [19] Despite the major discoveries in the protein phosphorylation field, large gaps in our knowledge remain. As is the case with many enzyme reactions, we have only a limited understanding of the catalytic mechanism of protein kinase and phosphatase reactions. [20] For the most part, we do not know which protein kinase(s) is responsible for phosphorylating a particular substrate site and which phosphatase(s) is involved in hydrolytic removal at a particular phospho-site. [20] How kinase and phosphatase enzymes are regulated by partner proteins, lipids, or post-translational modifications is relatively opaque in the majority of cases. Most central to this review, the function of the vast majority of specific phosphorylation events is poorly understood.
Protein phosphorylation functions, sites, and dynamics
At a fundamental chemical level, transfer of a phosphoryl group to an amino acid sidechain adds negative charge, installs strong hydrogen bond acceptor oxygens, and sharply increases the size of the residue. [20] Such phosphoryl group transfer can perturb structure locally in the peptide motif, alter global protein conformation, and confer changes in intermolecular interactions in protein complexes. Specifically, phosphorylation events can modulate enzymatic activity of the phosphoprotein, enhance or inhibit protein binding events, affect protein stability, and influence cellular localization. [20] A number of phosphopeptide binding proteins have been described exemplified by SH2 domain-containing and 14-3-3 proteins that recruit pTyr and pSer/Thr sequences, respectively. [21, 22] Most sites of protein phosphorylation have been mapped using high throughput mass spectrometric methods, and they are commonly found in flexible or unstructured regions of proteins. [23] Reversibility is a hallmark of phospho-dependent signaling, although the kinetics of this can be quite variable and depends in part on the actions of cellular phosphatases. [24] Site-directed mutagenesis and the study of protein phosphorylation
The ability to convert each of the genetically encoded 20 amino acid residues to one of the other 19 is facile using modern methods of site-directed mutagenesis. The attractiveness of this approach is that it can be performed rapidly and applied to the study of phosphorylation sites both in purified recombinant proteins as well as in cell culture and in vivo. The study of multiple phosphorylation sites distributed throughout the protein using site-directed mutagenesis is now routine. Furthermore, using the newer CrispR/Cas9-related technologies, germline editing of the genome is becoming straightforward so a "knock-in" point mutation of a phosphorylation site can be efficiently prepared and analyzed in vivo. [25] The standard algorithm for phosphorylation site replacements is mutation of a Ser/Thr to Ala, Asp or Glu or Tyr to Phe. The Ala is envisioned to represent a Ser/Thr that cannot be phosphorylated and the Asp/Glu a constitutive phosphoSer/phosphoThr (Figure 1) . [26] A hypothesis has been advanced that Asp/Glu residues are in some cases ancestral precursors to sites of phosphorylation. In this theory, Asp/Glu residues have in some instances evolved into phosphorylated Ser or Thr residues, providing for reversible control of phenotype. [27] While powerful, Ala as a non-phosphorylatable Ser mimic has limitations. Loss of hydrogen bond donating/accepting capacity of the Ala methyl or Phe phenyl sidechains versus the hydroxymethyl sidechain of Ser or phenol sidechain of Tyr can impact biochemical function. [28] Moreover, protein Ser residues are subject to alternative PTMs including the commonly observed O-GlcNAc (N-acetyl-glucosamine) modification [29] and more rarely, O-acylation events [30] while Tyr residues can be sulfated or nitrated [31, 32] . Thus, phenotypic changes from mutation of Ser to Ala or Tyr to Phe may be due to loss of function unrelated to phosphorylation.
Further complicating matters, the mimicry of a phosphoSer/phosphoThr by an Asp of Glu can be quite problematic. Although to a first approximation the Asp/Glu carboxylate can represent a point negative charge associated with phosphate-mediated electrostatic effects, the carboxylate possesses only one negative charge unlike dianionic phosphate monoesters. Moreover, the Asp/Glu residues are smaller and show different geometry versus phosphoSer/phosphoThr. Consequently, the Asp/Glu mimics often fail to capture the function of Ser/Thr phosphorylation, especially in mediating adaptor interactions. [28, [33] [34] [35] The case of phosphoTyr and phosphoHis mimicry by Asp, Glu or any other standard amino acid is even less productive. [36] Therefore, investigators have sought other approaches to interrogate site-specific phosphorylation effects.
Phosphonate mimics
Protein phosphorylation is reversible and can be very short-lived in cellular systems and lysates. [24] While relatively kinetically stable in physiologic buffers, phosphoSer, phosphoThr, and phosphoTyr are often rapidly removed by phosphatase enzymes with turnover sometimes measured in seconds. [24] PhosphoHis, phosphoAsp, phosphoArg, and phosphoLys residues are intrinsically labile even in enzyme-free buffers due to the strong leaving group characteristics of these sidechains, and these phosphorylations can also be readily cleaved enzymatically. [37, 38] Thus, even if one prepared a stoichiometrically, sitespecifically phosphorylated protein, functional analysis would be complicated. A number of elegant approaches have been developed for the synthesis of the corresponding phosphonate analogs for peptide and protein incorporation that are not enzymatically labile. [33, 39, 40] In the case where the oxygen is replaced with a methylene group, the pKa of the phosphate is typically elevated, which can impact molecular recognition. Consequently, the difluoromethylene linker has been used in the case of phosphoSer and phosphoTyr that more closely matches physiologic pKas and ensures dianionic charge states of the phosphonates (Figure 1 ). [33, 39] These have been effectively used in peptides and proteins to illuminate phosphorylation function. [32, 33, 38, 39, 41] 
Incorporation of phosphoamino acids and analogs into proteins
There are now several methods to incorporate unnatural amino acids and post-translational modifications, including phosphorylation, with precision and complete stoichiometry. These methods include total chemical synthesis, semisynthesis, and unnatural amino acid mutagenesis. Each can be compared regarding technical ease, scope of targets, yield of desired products, and versatility with regard to PTMs. We briefly discuss these methods and their relative strengths and limitations below.
Total chemical synthesis of proteins
For acceptable yields and purities, the solid phase synthesis of peptides in one linear chain is generally limited to about 60 residues. This limitation has been overcome by the use of peptide ligation strategies, primarily based on chemoselective reactions involving a Cterminal thioester in one peptide and an N-Cys residue in a second peptide to be linked. [42] The efficiency of this 'native chemical ligation' process is based on initial transthioesterification followed by rearrangement to a standard peptide bond. By ligating multiple synthetic peptide segments, proteins in the range of up to 150 amino acid residues have been constructed using iterations of native chemical ligation. The total chemical synthesis approach offers the virtue of nearly complete control of incorporation of phosphorylated residues and their mimics at any site and at full stoichiometry. In recent years, this native chemical ligation strategy has been expanded to include alternative chemistries for ligation that can obviate the requirement for N-Cys containing peptides. [43, 44] However, the need for generation of many peptides, the size limitations, and the typical requirement to fold the protein from a denatured state has perhaps prevented the more widespread adoption of total chemical synthesis in the study of phosphoproteins.
Semisynthesis of proteins
The semisynthesis of proteins can be defined as a hybrid strategy in which a major section of the modified protein is prepared by standard recombinant expression and then subjected to chemical manipulation to afford the semisynthetic protein. Advantages of semisynthesis versus total synthesis are the ease and low cost of production of recombinant proteins and its amenability to constructing larger proteins. Furthermore, the need for the cumbersome and often unreliable removal of denaturants from unstructured polypeptides to produce threedimensionally normal proteins can often be avoided with semisynthetic strategies since the recombinant piece often emerges from the cell correctly folded. While complete chemical control over the entire protein is lacking with semisynthesis, there are many cases where restricted group alteration suffices for the goal of biological analysis. Below, we describe expressed protein ligation, Cys modification, and Staudinger ligation approaches that have been exploited to study protein phosphorylation.
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Expressed protein ligation
Expressed protein ligation has become a widespread method to study protein posttranslational modifications (PTMs) including phosphorylation. The original technique of expressed protein ligation involves the use of recombinant protein thioesters that are then ligated to N-Cys synthetic peptides via the chemoselective ligation reaction described above ( Figure 2 ). [45] This method has become increasingly robust as it has been shown that inteins can be an efficient way to generate recombinant protein thioesters in a variety of different expression conditions. It avoids the somewhat laborious challenge of synthesizing peptide thioesters. However, a variant of expressed protein ligation in which a recombinant protein fragment containing an N-terminal cysteine by virtue of proteolysis is ligated to a synthetic peptide still requires installation of a C-terminal thioester synthetically. [46] Expressed protein ligation has been broadly applied to study phosphorylation of proteins. Two relatively recent examples are CK2 protein kinase and PTEN lipid phosphatase. [47, 48] Using expressed protein ligation, a phosphoThr344-semisynthetic CK2 kinase form was generated and it was shown to exhibit altered protein substrate specificity. By introduction of a PFA (phosphono-difluoromethylene-alanine) non-hydrolyzable analog at the 344 position, it was demonstrated directly that phosphono-modified CK2 resisted proteolytic breakdown in the cell by binding to adaptor proteins. Reciprocal regulation by glycosylation at Ser347 was also analyzed using expressed protein ligation. [47] In addition, expressed protein ligation facilitated the study of the tumor suppressor PTEN Ctail phosphorylation. The tetra-phosphorylation at Ser380, Thr382, Thr383, and Ser385 of PTEN catalyzed by CK2 kinase was suggested to have an important regulatory role for PTEN. A truncated version of PTEN fused to an intein was expressed in insect cells, and then ligated to a synthetic tetraphosphorylated C-tail peptide, to generate the full-length phosphorylated PTEN. The C-terminal tail phosphorylation was shown to induce a conformational change in PTEN, resulting in reduced phosphatase activity and membrane association. [48] Expressed protein ligation has been shown to be very useful, but like all methods it has its limitations. Expressed protein ligation is best suited to study phosphorylation sites located at the N-or C-termini of a protein (or protein domain) of interest, to avoid multi-segment ligation. Fortunately, phosphorylation sites are often near protein termini since they are usually located in flexible regions that tend to be at the ends of proteins or protein domains. In some cases, when flexible modified regions are far from the termini, circular permutation strategies can be employed to analyze PTMs. [49] Another potential limitation is the requirement of a cysteine at the ligation junction. Since Cys is one of the least frequently encoded amino acids in proteins, introduction of a Cys by mutation is commonly required for the convenient use of the technique. Careful controls are needed to ensure that Cys mutation per se is not perturbing to structure or function. Some groups have developed alternative ligation chemistries to avoid Cys or refined desulfurization reactions to convert Cys to Ala. [50, 51] Another concern is that truncation of a protein for expressed protein ligation can disrupt protein stability and this can lead to low yields or even the need for refolding. The gyrase intein can function in the presence of moderate concentrations of 
Cysteine modification
Cysteine modification strategies have recently been developed as a potentially useful alternate to expressed protein ligation to study protein phosphorylation. [53] [54] [55] [56] [57] With its chemically reactive thiol sidechain, cysteine can be selectively alkylated and ultimately converted to a phosphoSer mimic. This sequence involves mutating the phosphorylated Ser residue to a Cys residue, and replacing the natural Cys residues with Ala or Ser amino acids to ensure site-specificity. Following production of the Ser to Cys recombinant protein, conversion of the Cys residue to a dehydroalanine residue is performed by chemical modification and elimination. O-mesitylenesulfonylhydroxylamine (MSH) and 2,5-dibromohexane diacetamide (DBHDA) have been reported to be effective reagents for cysteine to dehydroalanine conversions ( Figure 2 ). The next step involves reacting the dehydroalanine with sodium thiophosphate, generating a phosphate thioesther adduct by Michael addition. The resulting phospho-cysteine is moderately stable and is a fairly accurate mimic of natural phosphorylated serine or threonine. It has been shown that that phosphoCys mimic can be recognized by a phospho-serine antibody with comparable efficiency to the natural PTM. [54] This method has been applied to the study of Aurora-A [55, 57] and p38α [56] protein kinases and their regulation by phosphorylation. The semisynthetic phospho-Cys containing kinases showed similar catalytic activities to the enzymatically phosphorylated enzymes, confirming that the phospho-cysteine nicely recapitulates phospho-serine/phospho-threonine functionally. This Cys modification method facilitates characterization of the individual phosphorylation events in regulation, since sitespecific phosphorylation can be achieved.
While in some ways appealing, the Cys modification method for phosphoSer mimicry has several drawbacks. The Cys mutations and chemical transformations can be incompatible with many proteins, challenging to execute, and low yielding. Thiophosphate esters are somewhat chemically labile due to the kinetic instability of the P-S bond in the ester linkage. But perhaps the biggest liability with the Cys modification strategy is the stereochemical scrambling associated with the Michael addition of the thiophosphate to dehydroalanine, predictably resulting in a 1:1 mixture of L-and D-amino acids. It is likely to be quite difficult to chromatographically separate the corresponding epimeric proteins, compromising functional analysis. A current challenge for the Cys modification approach therefore is the need for development of a stereoselective reaction for the protein installation of the thiophosphate by 1,4-addition.
Staudinger ligation
Phosphorylation mimics have been installed by modification of azido amino acid residues using phosphite reagents. [58] In a variant of the Staudinger reaction, the initial iminophosphorane adduct formed between the phosphite and azide undergoes reaction to
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furnish the N-linked phosphoramide mimic of the PTM (Figure 2) . To apply the Staudinger reaction to mimic serine/threonine or tyrosine phosphorylation, initial incorporation of an azidohomoalanine or 4-azidophenylalanine into the protein at the desired site is required. This can in principle be achieved by a protein translation system using amber-stop codon suppression. In their initial work in this area, Serwa et al chose the protein SecB as a model for Staudinger modification. [58] The protein was expressed in a cell-free orthogonal protein translation system to introduce 4-azidophenylalanine at position 156. The 4-azidophenylalanine residue was reacted with a phosphite reagent that contained a 2-nitrobenzyl ester that could undergo light-induced deprotection, and an additional ethylene glycol side chain to improve water solubility. In aqueous solution at pH 8, the modified Staudinger reaction resulted in conversion of the azide to phosphoramidate, and irradiation with 355 nm UV triggered the liberation of the phosphoramidate ester, generating the phosphotyrosine mimic.
More recently, a related chemoselective Staudinger-phosphite reaction has also been applied to generate a site-specifically phosphorylated lysine peptide. [59] The general concept of the reaction is similar to forming the phosphotyrosine mimic but the aliphatic azide is less reactive than the aryl azide. Although this lysine modification has not yet been applied to proteins, the site-specific incorporation of lysine phosphorylation in peptides could be combined with expressed protein ligation to study protein lysine phosphorylation. The requirement for unnatural azide resiues makes this approach technically demanding. Moreover, the overall impact of the phosphoramide mimics of phosphoSer, phosphoThr, and phosphoTyr may be limited by the intrinsic instability of the P-N bonds. But, since phosphoLys is a natural PTM, the Staudinger approach could be very useful in the biochemical analysis of these functionalities.
Unnatural amino acid mutagenesis
An elegant co-translational approach has been reported that has extended unnatural amino acid mutagenesis to the incorporation of phosphoamino acids into proteins made in bacteria. [60] Investigators engineered a unique tRNA Cys and a corresponding aminoacyl tRNA synthestase to one that is specific for phosphoserine (SEP) and modified the tRNA to recognize the UAG (amber) codon. In this way, the phosphoserine can be incorporated biosynthetically during ribosome-mediated translation. Other genetic manipulations in this approach designed to increase phosphoprotein yield included deletion of a phosphoserine phosphatase gene and mutating the residues in the amino acid binding pocket of the translation elongation factor EF-Tu in the heterologous host E. coli. Phosphoserine is actually added to the bacterial culture media and the authors note that E. coli expresses a phosphoserine transporter that allows for its intracellular accumulation and utilization in protein synthesis. Using this unnatural amino acid mutagenesis approach, the authors have confirmed the role of Ser218 phosphorylation to activate the kinase activity of the MEK1 protein kinase, and SEP shows more dramatic activation than the glutamate mimic. In a more robust version of the original method in which further selection and screening of the translation machinery was performed, they have also investigated the effects of histone H3 phosphorylation. [61] Overall, this creative approach potentially offers a significant advantage over semisynthesis in that in principle, any residue in a protein can be investigated and the natural PTM installed. However, it remains to be seen how general the phosphoserine mutagenesis strategy will be toward a range of proteins that may not express as well as histones. It is also a concern that, despite the gene deletion of one phosphatase, there are presumably numerous other bacterial phosphatases that could potentially hydrolyze the cellular phosphoprotein during production and isolation. It will also be interesting to see if this method can be extended to other phosphoamino acids and their phosphonate analogs beyond phosphoserine, especially in proteins with multiple PTMs.
Analysis of synthetic phosphoproteins in cellular environments
One general limitation with phosphoproteins produced using the strategies outlined above is that they are produced and/or purified in vitro, so studying their cellular properties requires transporting them into appropriate cell types. For introducing these phosphoproteins into cells, microinjection has been used, but this is technically demanding and has to be done one cell at a time. [47] However, two new methods for protein delivery into live cells offer hope in this regard. [62, 63] One involves the use of a dimeric TAT peptide labeled with the fluorophore tetramethylrhodamine (TMR), called dfTAT as an endosomolytic agent. [62] The second is called iTOP (induced transduction by osmocytosis and propanebetaine), which delivers protein through the combination of NaCl hypertonicity-induced micropinocytosis and a small molecule (propanebetaine) as transduction compound. [63] Both methods appear to have the capacity to transport functional proteins into cells with high efficiency and low toxicity, and corresponding cellular effects are observed after certain proteins are delivered. The iTOP method has been shown to be effective for primary cells, and the iTOP-CRISPR/Cas9 system successfully achieves gene editing by delivery of Cas9 protein and the corresponding RNA into cells, which makes it powerful for genetic studies. While it remains to be seen how versatile and robust these cell transporting methods will be, they appear to offer an attractive alternative to microinjection.
Summary
The last two decades has seen the rise of the importance of protein phosphorylation in biomedical research. The success in proteomics studies to identify hundreds of thousands of protein phosphorylation sites has far outstripped our ability to analyze their functional importance. Nevertheless, the increasing range and sophistication of biochemical strategies to obtain proteins containing site-specific phospho-modifications and their close PTM mimics is very exciting. We believe that the further refinement of semisynthetic and nonsense suppression strategies combined with the burgeoning of cellular methods to analyze these modified proteins will allow for a new precision over classical site-directed mutagenesis stratgeies to understand protein phosphorylation. Innovations in cell delivery and synthetic genomes can allow for phospho-modified proteins to be studied in a cellular environment. [64] Complementary approaches to study other important post-translational modifications such as lysine acetylation and Ser glycosylation can allow for combinatorial complexity of protein chemistry to be interrogated. [65] [66] [67] Such advances offer promise that can be exploited in molecular medicine and novel therapeutic interventions in the major disorders of cell signaling.. 
